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Per1 is induced by aldosterone in vivo. Male Sprague-Dawley rats 
were injected with vehicle (ethanol, Veh) or aldosterone (1 mg/kg, 
Aldo). Animals were euthanized and inner medullas dissected 1, 2, 
or 6 hours after the injection. QPCR was used to measure changes 
in gene expression. Fold change values were calculated relative to 
actin and compared with vehicle-treated control animals. Data are pre-
sented as mean ± SEM; n ≥ 5. *P < 0.05 versus vehicle.
Figure 2
Per1 is upregulated by aldosterone in mIMCD-3 cells. (A) QPCR was 
used to calculate changes in gene expression of Per1, Per2, Sgk1, 
and αENaC in aldosterone-treated compared with vehicle-treated 
cells. Fold change values were normalized against actin levels, rela-
tive to the vehicle control, and are presented as mean ± SD; n = 3. 
*P < 0.05 versus vehicle control. (B) Total cell lysate was collected 
from mIMCD-3 cells treated with vehicle or aldosterone for 6 hours. 
Western blot analysis was performed using an anti-Per1 antibody. 
GAPDH was used as a loading control.
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Effect of MR or GR siRNA on hormone receptor mRNA levels
	 MR	(Nr3c2)	 GR	(Nr3c1)
siRNAA	 %	Decrease		 siRNAA	 %	Decrease		
	 in	mRNAB	 	 in	mRNAB
MR9 43 ± 3 GR9 75 ± 1
MR10 89 ± 3 GR10 87 ± 1
MR11 80 ± 3 GR11 43 ± 1
MR12 65 ± 5 GR12 79 ± 2
APurchased from Dharmacon. BRelative to non-target siRNA–trans-
fected cells. Data are presented as mean ± SEM. 
Figure 3
Per1 is transcriptionally regulated by aldosterone. (A) Mouse IMCD-3 
cells were transfected with pRL Renilla luciferase and either the pGL3 
empty vector or a plasmid containing 2,002 bp of the Per1 promoter 
cloned in front of the firefly luciferase cDNA (Per1/luc). Twenty-four 
hours later, cells were treated with vehicle or aldosterone for 6 hours. 
Data are presented as mean ± SEM; n = 4. *P < 0.05 versus Per/luc 
plus vehicle. (B) Primers were designed to amplify a 191-bp region of 
the Per1 gene between exon 7 and intron 7 in order to measure hnRNA 
as an indicator of transcriptional activity in 3 (nos. 1–3) independent 
sets of template from vehicle- or aldosterone-treated mIMCD-3 cells; 
n = 3. L, ladder; V, vehicle; A, aldosterone. (C) An 874-bp GAPDH 
product was amplified as a PCR control.
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Contribution of MR and GR to the aldosterone-mediated regulation of 
Per1. Mouse IMCD-3 cells were transfected with a non-target control 
siRNA or siRNA for MR (MR10) or GR (GR10). Twenty-four hours later, 
cells were treated with vehicle or aldosterone for 1 hour. Changes in 
gene expression were measured using QPCR. Data are presented as 
mean ± SEM; n = 3. *P < 0.05 versus non-target siRNA–transfected 
cells treated with vehicle; †P < 0.05 versus non-target siRNA–trans-
fected cells treated with aldosterone; NS, not significant versus non-
target siRNA–transfected cells treated with vehicle.
Figure 5
Per1 knockdown attenuates the response of αENaC to aldosterone. 
Mouse IMCD-3 cells were transfected with Per1 siRNA sequences 
24 hours prior to vehicle or aldosterone treatment. QPCR was used 
to analyze changes in gene expression of Per1 (A), Sgk1 (B), and 
αENaC (C) after Per1 knockdown in the presence of aldosterone com-
pared with vehicle-treated non-target siRNA–transfected cells. Fold 
change values were normalized against actin and are presented as 
mean ± SEM; n = 4 (n = 3 for Per1-5 and Per1-6). *P < 0.05 versus 
non-target siRNA vehicle control; NS, not significant versus non-target 
siRNA–transfected cells treated with vehicle; ‡not significant versus 
non-target siRNA aldosterone-treated sample.
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As was observed previously  (see Figure 2A),  the  increase  in 





































































Effect of Per1 knockdown on αENaC is transcriptional. (A) Top panel: 
Primers were designed to amplify a 238-bp region of the Scnn1a 
(αENaC) gene between exon 8 and intron 8 in order to measure 
hnRNA as an indicator of transcriptional activity. Templates from 3 
(nos. 1–3) independent sets of non-target siRNA– or Per1-8 siRNA–
transfected mIMCD-3 cells treated with vehicle or aldosterone were 
used in PCR reactions; n = 3. V, non-target siRNA–transfected cells 
plus vehicle; A, non-target siRNA–transfected cells plus aldosterone; 
P, Per1-8 plus aldosterone. Bottom panel: An 874-bp GAPDH product 
was amplified as a PCR control. (B) αENaC promoter luciferase activ-
ity was measured as described in Figure 3. Mouse IMCD-3 cells were 
cotransfected with pGL3 or αENaC/luc and empty pCMVSport6 vector 
or Per1 expression vector. Data are presented as mean ± SEM; n = 4. 
*P < 0.05 versus αENaC/luc plus vector.
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Effect of Per1 knockdown on αENaC expression occurs in the early 
phase of aldosterone action. Aldosterone action occurs in 3 phases. 
The immediate phase, from minutes to 1 hour, includes genomic 
and nongenomic  effects  and  involves Sgk1 action on ENaC 
channel stability. The early phase, from 2 to 6 hours, involves 
transcriptional induction of genes such as Per1 and Sgk1. αENaC 



















Effect of Per1 knockdown on αENaC occurs in the early phase of aldo-
sterone action. Mouse IMCD-3 cells were transfected with a non-target 
siRNA or Per1-8 siRNA for 24 hours and then treated with vehicle or 
aldosterone for 2, 4, or 6 hours. QPCR was used to analyze changes 
in gene expression of Per1 (A), Sgk1 (B), and αENaC (C) after Per1 
knockdown in the presence of aldosterone compared with control 
(vehicle treated, non-target siRNA–transfected cells; data not shown). 
Fold change values were normalized against actin relative to the non-
target siRNA–transfected, vehicle-treated control. Data are presented 
as mean ± SEM; n = 3. *P < 0.05 versus control; †P < 0.05 versus non-
target siRNA–transfected cells treated with aldosterone.
Figure 8
αENaC expression is inhibited by Per1 knockdown in the absence of 
aldosterone. Mouse IMCD-3 cells were transfected with a non-target 
siRNA or Per1-8 siRNA. Forty-eight hours later, total RNA was isolated 
and processed for QPCR. Fold changes in Sgk1 and αENaC were 
normalized against actin relative to the non-target siRNA–transfected 
cells. Data are presented as mean ± SEM; n = 4. *P < 0.05 versus non-
target siRNA–transfected cells.
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αENaC expression is attenuated in the inner medulla of Per1-deficient 
mice. Total RNA was isolated from the inner medullas of wild-type 
(129/Sv) or Per1-deficient mice. QPCR was used to analyze changes in 
gene expression of Sgk1 (gray bars) and αENaC (black bars) in Per1-
deficient compared with wild-type control animals. Fold change values 
were normalized against actin relative to wild-type control mice. Data 
are presented as mean ± SEM; n = 3. *P < 0.05 versus wild-type.
Figure 10
Per1 mediates regulation of αENaC expression in the outer medulla. 
(A) The induction of αENaC by aldosterone is attenuated in OMCD1 
cells after Per1 knockdown. OMCD1 cells were grown, siRNA-trans-
fected, and treated with vehicle or aldosterone as described for 
mIMCD-3 cells. *P < 0.05 versus non-target siRNA–transfected cells 
treated with vehicle; **P < 0.05 versus non-target siRNA–transfected 
cells treated with aldosterone; n = 4. (B) In the absence of aldosterone, 
Per1 knockdown results in a 2-fold decrease in αENaC mRNA levels 
in OMCD1 cells. †P < 0.05 versus non-target siRNA–infected cells; 
n = 6. (C) Per1-deficient mice exhibit reduced αENaC expression in 
the outer medulla. ‡P < 0.05 versus wild-type; n = 3. All data are pre-
sented as mean ± SEM.
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ment.  Again,  consistent  with  our  results  in mIMCD-3  and 
OMCD1 cells, knockdown of Per1 led to a nearly 3-fold decrease 
in αENaC mRNA levels (Figure 11B).
























































Per1 mediates regulation of αENaC expression in the cortex. (A) The 
induction of αENaC by aldosterone is attenuated in mpkCCDc14 cells 
after Per1 knockdown. mpkCCDc14 cells were grown, siRNA-transfect-
ed, and treated with vehicle or aldosterone as described for mIMCD-3 
cells. *P < 0.05 versus non-target siRNA–transfected cells treated with 
vehicle; n = 4. (B) In the absence of aldosterone, Per1 knockdown 
results in a 2-fold decrease in αENaC mRNA levels in mpkCCDc14 
cells. †P < 0.05; n = 6. All data are presented as mean ± SEM.
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Mice lacking Per1 excrete more sodium compared with wild-type mice. 
Per1 mutant mice (n = 3) or wild-type mice (n = 4) were housed in met-
abolic cages and maintained on a normal laboratory chow diet with free 
access to water for 48 hours. Food and water intake and body weight 
were monitored. Two 24-hour urine collections were made. Urine was 
analyzed for Na (UNaV; A), Cl (UClV, B), and total volume (C). *P < 0.05 
versus wild-type. Data are presented as mean ± SEM.
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RNA isolation and QPCR. Total RNA was isolated using TRIzol (Invitrogen) 
according to the manufacturer’s instructions. RNA samples (10 μg) were 
Figure 13
The expression profile of αENaC is altered in Period-deficient mice. 
Inner medullas (A), outer medullas (B), and cortex (C) were dissected 
from 3 wild-type or 3 TKO mice that were euthanized every 4 hours 
over a 24-hour period. Total RNA was isolated and converted to cDNA 
for QPCR analysis. The data are expressed as the ΔCt value, which 
is a measure of expression relative to actin (higher ΔCt values cor-
respond to lower expression; see ref. 49), versus the circadian time 
(CT2–CT22). Data are presented as mean ± SEM; n = 3 for each data 
point. *P < 0.05, wild-type αENaC expression versus TKO.
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Taqman assays used for quantitative real time PCR
Gene	 Reporter	sequence	 Assay	IDA	 Amplicon		
	 	 	 length	(bp)
Per1 CCTCAGCCCCTGGCTGCCACCATGG Mm00501813_m1 106
Per2 CACCTCCAACATGCAACGAGCCCTC Mm00478113_m1 73
Actin TACTGAGCTGCGTTTTACACCCTTT Mm00607939_s1 115
Scnn1a (αENaC) CGGCTTCCAACTGTGCAACCAGAAC Mm00803386_m1 69
Nr3c1 (GR) ATGGATATTCAAGCCCTGGAATGAG Mm00433832_m1 68
Nr3c2 (MR) GACTCCATGCATGATTTGGTGAATG Mm01241597_m1 92
Sgk1 CAAACACGCTGAAGTTCAGTCCATT Mm00441380_m1 71
APurchased from Applied Biosystems.
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